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[1] Although nontidal changes in the Earth’s length-of-day on timescales of a few days to
a few years are primarily caused by changes in the angular momentum of the zonal winds,
other processes can be expected to cause the length-of-day to change as well. Here the
relative contribution of upper atmospheric winds, surface pressure, oceanic currents, and
ocean-bottom pressure to changing the length-of-day during 1980–2000 is evaluated
using estimates of atmospheric angular momentum from the National Centers for
Environmental Prediction/National Center for Atmospheric Research reanalysis project,
estimates of the angular momentum of the zonal winds in the upper atmosphere from the
United Kingdom Meteorological Office, and estimates of oceanic angular momentum
from the Estimating the Circulation and Climate of the Ocean consortium’s simulation of
the general circulation of the oceans. On intraseasonal timescales, atmospheric surface
pressure, oceanic currents, and ocean-bottom pressure are found to be about equally
important in causing the length-of-day to change, while upper atmospheric winds are
found to be less important than these mechanisms. On seasonal timescales, the upper
atmospheric winds are more important than the sum of currents and bottom pressure in
causing the length-of-day to change and, except at the annual frequency, are even more
important than surface pressure changes. On interannual timescales, oceanic currents and
ocean-bottom pressure are found to be only marginally effective in causing the length-of-
day to change. INDEX TERMS: 1223 Geodesy and Gravity: Ocean/Earth/atmosphere interactions

(3339); 1239 Geodesy and Gravity: Rotational variations; 3319 Meteorology and Atmospheric Dynamics:

General circulation; 4532 Oceanography: Physical: General circulation; KEYWORDS: Earth rotation, length-of-

day, oceanic angular momentum
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1. Introduction

[2] The Earth’s rate of rotation, and hence the length of
the day, is not constant but varies by up to a millisecond-
per-day on all observable timescales from subdaily to
decadal and longer (for reviews see, e.g., Munk and Mac-
Donald [1960], Lambeck [1980, 1988], and Eubanks,
1993]). Such observed changes in the Earth’s rate of
rotation are caused by a wide variety of processes, both
internal and external to the solid body of the Earth. Tidal
forces due to the gravitational attraction of the Sun, Moon,
and planets cause harmonic changes in the Earth’s rotation
having periods ranging from 12 hours to 18.6 years. By
exchanging angular momentum with the solid Earth,
changes in the east-west, or zonal, component of the winds
caused by changes in the land-ocean temperature contrast
and in the pole-to-equator temperature gradient cause the
Earth’s rate of rotation to change. Changes in the mass

distribution of the atmosphere, which manifest themselves
as changes in surface pressure, also change the Earth’s
rotation by changing its inertia tensor. Recently, the advent
of accurate models of the general circulation of the oceans
has allowed the effect of the oceans on the length of the day
to be evaluated.
[3] Earlier investigations of nontidal effects of the oceans

on the length-of-day (LOD) focused on seasonal changes due
to their relatively large amplitude [Brosche and Sündermann,
1985; Brosche et al., 1990; Frische and Sündermann, 1990;
Dickey et al., 1993]. Nonseasonal oceanic effects have lately
been studied using both TOPEX/Poseidon sea surface height
measurements that have been corrected for steric effects
[Chen et al., 2000b] and barotropic [Ponte, 1997; Ponte
and Ali, 2002] and baroclinic [Brosche et al., 1997;
Segschneider and Sündermann, 1997; Marcus et al., 1998;
Johnson et al., 1999; Ponte and Stammer, 2000; Gross,
2003a] models of the oceans’ circulation.
[4] The Estimating the Circulation and Climate of the

Oceans (ECCO) consortium [Stammer et al., 2002] has
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recently simulated the oceans’ circulation since 1980. In a
companion paper, Gross et al. [2003] have used the results
of the ECCO simulation to examine the effects of the oceans
on the nonaxial components of the Earth’s rotation vector.
Here the ECCO simulation results are used to evaluate the
effects of the oceans on the axial component.
[5] The contribution of changes in oceanic currents and

bottom pressure to changing the Earth’s length-of-day will
be compared to that of atmospheric winds and surface
pressure on intraseasonal, seasonal, and interannual time-
scales. Although atmospheric winds are the dominant cause
of LOD changes on these timescales, it will be shown that
closer agreement with the observations is obtained when
the effects of oceanic current and bottom pressure changes,
as estimated by the ECCO simulation during 1980–2000,
are included with those of winds and surface pressure
changes.

2. Length-of-Day Variations

[6] The rotational rate of the solid Earth, and hence the
length of the day, changes due to the action of torques
acting on the solid Earth and to changes in the mass
distribution of the solid Earth. Observed changes in the
length-of-day can be studied using the principle of conser-
vation of angular momentum which, in a rotating, body-
fixed terrestrial reference frame, is given by

@L

@t
þ W� L ¼ T; ð1Þ

where W is the Earth’s rotation vector, L is its angular
momentum vector, and T are the torques acting on the
Earth. In general, the angular momentum vector L(t) can be
written as the sum of a term h(t) due to motion relative to
the rotating reference frame and of a term due to changes in
the inertia tensor I(t) of the body caused by changes in the
distribution of mass,

L ¼ I � Wþ h: ð2Þ

[7] The Earth’s rotation deviates only slightly from a state
of uniform rotation, the deviation being a few parts in 108 in
speed, corresponding to changes of a few milliseconds (ms)
in the length of the day, and about a part in 106 in the
orientation of the rotation axis relative to the crust of the
Earth, corresponding to a variation of several hundred
milliarcseconds (mas) in polar motion. Such small devia-
tions in rotation can be studied by linearizing equations (1)
and (2). Let the Earth initially be uniformly rotating about
its figure axis and orient the rotating, body-fixed terrestrial
reference frame so that its z axis is aligned with the figure
axis. Under a small perturbation to this initial state, the
relative angular momentum h will be perturbed to h + �h,
the inertia tensor I will be perturbed to I + �I, and the
angular velocity vector W will be perturbed to W + �W

where

Wþ�W ¼ � mx tð Þ;my tð Þ; 1þ mz tð Þ
� �T

; ð3Þ

where � is the mean angular velocity of the Earth and the
�mi are the elements of the perturbed rotation vector.

Keeping terms to first order in perturbed quantities, the axial
component of equation (1) can be written in the absence of
external torques as [e.g., Munk and MacDonald, 1960;
Wahr, 1982; Barnes et al., 1983],

�� tð Þ ¼ �o

Cm�
�hz tð Þ þ 0:756��Izz tð Þ½ �; ð4Þ

where the change ��(t) in the length of the day is related to
mz(t) by��(t)/�o = 	mz(t), �o is the nominal length-of-day
of 86,400 s, Cm is the polar moment of inertia of the Earth’s
crust and mantle, and the factor of 0.756 accounts for the
yielding of the crust and mantle to imposed surface loads.
[8] In this study, equation (4), which is called here the

length-of-day equation, will be used to compare observed
length-of-day changes with modeled variations computed
using the products of atmospheric and oceanic general
circulation models. Modeled length-of-day variations will
be computed from modeled changes in the angular momen-
tum of atmospheric winds and surface pressure and oceanic
currents and bottom pressure. The relative importance of
these processes to changing the length of the day will be
assessed by comparing the modeled with the observed
variations in both the time and frequency domains.
Throughout this paper, statements about the contribution
of some process to changing the length-of-day are based on
the angular momentum associated with that process and not
on the torques by which the angular momentum is trans-
ferred to the solid Earth. In particular, statements about the
contribution of atmospheric surface and oceanic bottom
pressure variations to changing the length of the day are
based upon the angular momentum due to mass redistribu-
tion within the atmosphere and oceans, which manifests
itself as changes in surface and bottom pressure, respec-
tively, and not upon the torque exerted on the solid Earth by
differential pressure forces.

3. Data Sets

3.1. Observed Length-of-Day Variations

[9] The daily version of the COMB2000 observed length-
of-day series [Gross, 2001a] is used in this study. This series
is derived from a combination of Universal Time measure-
ments taken by the techniques of optical astrometry, lunar
and satellite laser ranging, and very long baseline interfer-
ometry. Besides estimating Universal Time, the Kalman
filter used to combine the measurements also estimates its
time rate-of-change and hence the length-of-day [Gross et
al., 1998]. The COMB2000 length-of-day series spans
January 20, 1962, to January 6, 2001, at daily intervals.
[10] Prior to investigating the effects of the atmosphere

and oceans on the length-of-day, other sources of LOD
variations that can be accurately modeled should be
removed from the observations. Thus the model of Yoder
et al. [1981] for the long-period solid Earth tides and the
model of Kantha et al. [1998] for the long-period ocean
tides have been used to remove these effects from the
length-of-day observations. The resulting observed nontidal
LOD variations during 1980–2000 are shown in Figure 1.
The mean value of these observed LOD variations will be
removed prior to comparing them to the modeled variations
in order to isolate the changes in the LOD that may be
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caused by changes in the modeled atmospheric and oceanic
angular momentum.

3.2. Oceanic Angular Momentum

[11] The oceanic angular momentum (OAM) series used
in this study, which is the same as that used in the
companion paper on the effect of the atmosphere and oceans
on the Earth’s wobbles [Gross et al., 2003], has been
computed from the results of the simulation study done at
JPL as part of their participation in the Estimating the
Circulation and Climate of the Ocean (ECCO) consortium
[Stammer et al., 2002]. The ocean model used in this
simulation study is based on the MIT ocean general circu-
lation model [Marshall et al., 1997a, 1997b] and has
realistic boundaries and bottom topography, 46 levels rang-
ing in thickness from 10 m at the surface to 400 m at depth
using height as the vertical coordinate, and spans the globe
between 73.5�S to 73.5�N latitude with a latitudinal grid-
spacing ranging from 1/3� at the equator to 1� at high
latitudes and a longitudinal grid-spacing of 1�. The simula-
tion run is initialized with climatological temperature and
salinity distributions [Levitus and Boyer, 1994; Levitus et
al., 1994] and is spun-up from rest for 10 years using
climatological forcing fields from the Comprehensive
Ocean-Atmosphere Data Set (COADS). The model is
subsequently forced with twice daily wind stress and daily
surface heat flux and evaporation-precipitation fields from
the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
project [Kalnay et al., 1996].
[12] Atmospheric surface pressure was not used to force

the ocean model. At periods greater than a few days, the
predominant response of the oceans to surface pressure
forcing is a simple static response like that of an inverted
barometer [Wunsch and Stammer, 1997]. This static
response has been taken into account here during the
computation of the angular momentum associated with
atmospheric surface pressure changes (see section 3.3).

The dynamical response of the oceans to surface pressure
forcing at periods greater than a few days has been shown to
be negligibly smaller than the response caused by wind stress
forcing [e.g., Frankignoul and Müller, 1979; Willebrand et
al., 1980; Ponte, 1993, 1994]. However, at periods less
than a few days, the dynamical response of the oceans to
pressure forcing is comparable to that of wind stress forcing.
Neglecting the dynamical response of the oceans to pressure
forcing can thus be expected to adversely affect the agree-
ment of the modeled oceanic angular momentum with the
observed LOD variations at periods less than a few days but
to have little impact at longer periods.
[13] Since the version of the MIT ocean general circula-

tion model (OGCM) used in the simulation study is formu-
lated under the Boussinesq approximation [Marshall et al.,
1997a, 1997b], it conserves volume rather than mass.
Artificial mass variations can be introduced into Boussinesq
models because of the applied surface heat and salt fluxes.
For example, the changing applied heat flux will change the
density, which, since volume is conserved, will artificially
change the mass of the modeled oceans. If left uncorrected,
this artificial mass change will cause artificial changes to the
ocean-bottom pressure and hence to the angular momentum
associated with ocean-bottom pressure variations. Follow-
ing the suggestion of Greatbatch [1994], mass conservation
is commonly imposed a posteriori on Boussinesq ocean
models by adding to the sea surface a spatially uniform
layer of just the right fluctuating thickness even though the
correction should, in general, be spatially heterogeneous.
Although not perfect [Greatbatch et al., 2001; Huang and
Jin, 2002], this approach of adding a spatially uniform layer
has been shown to be effective in correcting the sea surface
height fields of Boussinesq ocean models [Mellor and Ezer,
1995; Dukowicz, 1997] and has been widely used to correct
the angular momentum [e.g., Bryan, 1997; Marcus et al.,
1998; Ponte and Stammer, 2000; Gross et al., 2003] and
bottom pressure fields [Ponte, 1999] of such models. It has
been used here to correct the OAM pressure term for the
effects of artificial mass variations in the MIT ocean model
by computing the effect on the angular momentum of the
spatially uniform mass-conserving layer. It is therefore
assumed here that the errors introduced by using a spatially
uniform mass-conserving layer rather than a spatially het-
erogeneous one are negligibly small.
[14] The axial component Lc,z(t) of the angular momen-

tum of the oceanic currents has been computed by integrat-
ing the eastward zonal currents u(r, t) throughout the
volume Vo of the modeled oceans,

Lc;z tð Þ ¼
Z
Vo

r r; tð Þr cosfu r; tð ÞdV ; ð5Þ

where f is North latitude and r(r, t) is the density of some
mass element located at position r. The axial component
Lp,z(t) of the angular momentum due to changes in the mass
distribution of the oceans, or, equivalently, due to changes
in ocean-bottom pressure, has been computed by integrating
the time-dependent density field throughout the volume of
the modeled oceans,

Lp;z tð Þ ¼ �

Z
Vo

r r; tð Þr2 cos2 fdV ; ð6Þ

Figure 1. The COMB2000 series of observed length-of-
day variations during 1980–2000 from which tidal effects
have been removed. For purposes of clarity of display,
10-day averages of the observed daily values are shown. The
mean has not been removed from the displayed values which
show the amount by which the observed length-of-day
exceeds a nominal length of exactly 86,400 s.
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where � is the mean angular velocity of the Earth. When
using equations (5) and (6) to calculate the axial OAM, the
effects of both enforcing mass conservation and of changes
in sea surface height have been included. Note that in
equation (6) the total density of seawater has been used
rather than the deviation of the density from some mean
value. Thus the resulting angular momentum values include
a nonzero mean due to the mean mass distribution, or mean
moment of inertia, of the oceans. In order to isolate the
fluctuations about the mean that causes the length-of-day to
change, the mean value has been removed from this and the
other angular momentum series just as it has been removed
from the length-of-day observations.
[15] The angular momentum of the oceans has been com-

puted at hourly intervals even though the ocean model is
forced with twice daily wind stress and daily surface buoy-
ancy fluxes. This was done in order to capture changes in the
modeled oceanic angular momentum that can be expected to
occur between the epochs of the surface forcing due to the
dynamical response of the oceans to the forcing. Themodeled
oceanic angular momentum values, which span 1980–2000,
were converted to equivalent length-of-day variations using
equation (4) with values of 7.292115 � 10	5 rad/s for �
and 7.1242� 1037 kg-m2 forCm, and with�hz(t) = Lc,z(t) and
��Izz(t) =Lp,z(t). In order tomatch the temporal resolution of
the observed LOD variations, daily averages of the hourly
values were computed by summing 25 consecutive values
using weights of 1/48, 1/24, 1/24 . . ., 1/24, 1/24, 1/48.
[16] Figure 2 shows the axial component of the angular

momentum associated with ocean-bottom pressure varia-
tions, in equivalent length-of-day units, both before and
after correcting it for the effects of artificial mass variations
within the MIT ocean model. The uncorrected series is
given by the black curve with the correction that must be

applied to it being given by the smoother red curve
overlying it. The corrected series is the horizontal blue
curve. As can be seen, and unlike the nonaxial components
[see Gross et al., 2003, Figure 1], the correction that must
be applied to the axial component is nearly as large as the
uncorrected values themselves. It is therefore important that
the values for the correction be accurately computed since
any errors in the computed correction will be fully trans-
mitted to the corrected series. In particular, when computing
the correction, it is important to use the same land-ocean
mask that is used within the ocean model. Otherwise, the
surface extent of the mass-conserving layer will be errone-
ous, with the effect of this error being fully propagated to
the corrected values. Here the same land-ocean mask that
was used in the ECCO simulation study has been used when
correcting the axial component of the pressure OAM term.
[17] The corrected angular momentum associated with

ocean-bottom pressure variations is reproduced in Figure 3d,
with Figure 3c showing the angular momentum associated
with oceanic currents. The mean value has been removed
from these series in order to isolate the variations about the
mean that cause the length-of-day to vary. As can be seen, the
axial angular momenta due to oceanic currents and bottom
pressure changes exhibit variability of similar magnitude.

3.3. Atmospheric Angular Momentum

[18] The atmospheric angular momentum (AAM) series
used in this study, which is the same as that used in the
companion paper on the effect of the atmosphere and oceans
on the Earth’s wobbles [Gross et al., 2003], is that deter-
mined from the products of the NCEP/NCAR reanalysis
project and have been obtained from the International Earth
Rotation Service (IERS) Special Bureau for the Atmosphere
(SBA) [Salstein et al., 1993]. Both the angular momentum
of the zonal winds, computed by integrating them from the
surface to the top of the model at 10 hPa [Salstein and
Rosen, 1997], and the angular momentum associated with
surface pressure variations, computed by assuming that the
oceans respond as an inverted barometer to the imposed
surface pressure variations, are used here.
[19] The NCEP/NCAR reanalysis AAM series available

from the IERS SBA spans January 1, 1948, to the present at
6-hour intervals. In order to match the temporal resolution of
the observed COMB2000 length-of-day series, daily aver-
ages of the AAM were formed by summing five consecutive
values using weights of 1/8, 1/4, 1/4, 1/4, 1/8. The resulting
daily AAM series during 1980–2000 are shown in Figure 3,
with that due to the zonal winds shown in Figure 3a and
that associated with surface pressure variations shown in
Figure 3b. The mean value has also been removed from
these series in order to again isolate the variations about the
mean that cause the length-of-day to vary. As can be seen,
changes in the axial component of AAM associated with
surface pressure variations are about an order of magnitude
smaller than those associated with changes in the zonal
winds, but are about 3 times larger than those due to either
oceanic current or bottom pressure variations.

4. Seasonal Variations

[20] Numerous studies have shown that the observed
annual and semiannual variations in the length-of-day are

Figure 2. Axial component of the angular momentum
associated with ocean-bottom pressure variations, in
equivalent length-of-day units, both before (diagonal black
curve) and after (horizontal blue curve) correcting it for
the effects of artificial mass variations due to the use of the
Boussinesq approximation in the MIT ocean model. The
correction that has been applied to the pressure OAM term
is shown by the smoother red curve overlying the
uncorrected values shown in black. For purposes of clarity
of display, 10-day averages of the hourly OAM values are
shown. The mean has been removed from all series.
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primarily caused by annual and semiannual changes in the
angular momentum of the zonal winds [Rosen and Salstein,
1985, 1991; Naito and Kikuchi, 1990, 1991; Dickey et
al., 1993; Rosen, 1993; Höpfner, 1998; Aoyama and Naito,
2000]. In this section, the relative contribution of atmo-
spheric surface pressure and of oceanic current and bottom
pressure to exciting seasonal length-of-day variations during
1980–2000 is assessed.
[21] Power spectra and coherence of the observed LOD

variations and those due to zonal winds at frequencies less
than 6 cycles per year (cpy) are shown in Figure 4. The
spectra have been computed by the multitaper method
[Percival and Walden, 1993] using a resolution bandwidth
of 2fR where fR 
 1/N�t is the fundamental, or Rayleigh,
frequency with N being the number of samples in the time
series (7650), �t being the sampling interval (1 day), and
hence N�t being the length of the time series (21 years). A
simple unweighted average of the resulting first three
eigenspectra was then formed to obtain the spectra shown
in Figure 4. The coherence and phase estimates were
obtained by averaging over 11 frequency intervals and the
95% and 99% confidence limits of the squared magnitude
of the coherence are indicated by the horizontal dashed lines
in the middle panel. As can be seen, there is remarkable
agreement between the observed LOD variations and those

due to zonal winds at all frequencies less than 6 cpy except
for the lowest frequencies near 0 cpy (a mean and trend
have been removed from the series prior to computing their
spectra and coherence). The discrepancy at decadal periods
will be discussed in the section on the decadal LOD
variations below. Here the agreement between the observed
and modeled LOD variations at the annual frequency and its
higher harmonics is discussed.
[22] Peaks in the power spectra of both the observed

variations (black curve) and in those caused by winds (red
curve) are clearly seen in the top panel of Figure 4 at the
annual frequency (1 cpy) as well as at its first and second
harmonics, the semiannual frequency (2 cpy), and the
terannual frequency (3 cpy), respectively. Spectral peaks
are not seen at higher harmonics of the annual. Since tidal
variations have been removed from the LOD observations,
the signals at the annual, semiannual, and terannual fre-
quencies are not tidal in origin; rather, as shown by Figure 4
and in more detail below, they are caused primarily by
changes in the atmospheric winds.
[23] In order to compare the observed and modeled LOD

variations at the annual, semiannual, and terannual frequen-
cies, mean, trend, and periodic terms at these frequencies
were fit to the observed and modeled series. Since no
uncertainty estimates are available for the atmospheric and

Figure 3. The z-component of the angular momentum, in equivalent length-of-day units, associated
with (a) atmospheric winds, (b) atmospheric surface pressure variations, (c) oceanic currents, and
(d) ocean-bottom pressure variations. The angular momentum associated with atmospheric surface
pressure variations has been computed assuming the oceans respond as an inverted barometer to the
imposed surface pressure variations. For purposes of clarity of display, 10-day averages are shown. The
mean has been removed from all series.
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oceanic angular momentum values, this fit was obtained
using unweighted least squares. For consistency, unweighted
least squares was also used to obtain the fit to the
observed values even though uncertainty estimates are

available for them. The uncertainties assigned to the fitted
parameters and given in Tables 1 and 2 are the 1s formal
uncertainties computed using the standard deviation of the
postfit residuals as an estimate of the mean uncertainty of
the observed or modeled values. The uncertainties thus
determined can be considered realistic in the sense that
the resulting postfit residuals have a reduced chi-square of
one.
[24] Table 1 shows the results of this fit for the amplitude

A and phase a of the observed and modeled LOD variations
at the annual, semiannual, and terannual frequencies with A
and a being defined by the expression

�� tð Þ ¼ A cos s t 	 toð Þ 	 a½ �; ð7Þ

where s is the annual, semiannual, or terannual frequency
and the reference date to is January 1, 1990. As can be seen,
annual length-of-day changes are predominantly caused by
annual changes in the angular momentum of the zonal
winds. The angular momentum caused by mass redistribu-
tion within the atmosphere, or, equivalently, caused by
surface pressure changes, is seen to have an amplitude only
12% of that observed and to be out-of-phase with the
observations. The effects of oceanic currents and of mass
redistribution within the oceans, or, equivalently, of ocean-
bottom pressure changes, are each less than 3% of that
observed and are also out-of-phase with the observed annual
variations. The combined effect of oceanic currents and
surface and bottom pressure variations, being out-of-phase
with the effect of the winds, acts to reduce the effect of the
winds so that the sum total of all atmospheric and oceanic
processes at the annual frequency has an amplitude about
8% less than that observed and a phase difference of only
2 degrees (deg).
[25] The left panel of Figure 5 shows a phasor diagram of

the annual component of the observed (obs) length-of-day
variations during 1980–2000 and of the effects on the
length-of-day of atmospheric winds (wind), surface pressure
(press), and the oceans (ocn; the sum of the effects of the
currents and bottom pressure). Adding oceanic effects to
those of the atmosphere is seen to move the modeled
variation farther away from that observed. The discrepancy
that remains between the observed and modeled LOD
variations is 33.4 ms in amplitude and 12.2 deg in phase.
Here and in the following paragraphs on the semiannual and
terannual components, the discrepancy amplitudes and
phases given are those of the residual phasors formed by
removing the sum total of all modeled atmospheric and
oceanic effects from that observed.
[26] Semiannual LOD variations are also seen to be

predominantly caused by changes in the angular momentum
of the zonal winds. The effects of semiannual atmospheric
surface pressure and oceanic current and bottom pressure
changes on the length-of-day are each less than 3% of that
observed and exhibit little agreement with the observed
phase. The total effect of all atmospheric and oceanic
processes at the semiannual frequency has an amplitude
about 12% less than that observed and a phase difference of
4.1 deg. The middle panel of Figure 5 shows the phasor
diagram of the semiannual component of the observed and
modeled LOD variations. Adding oceanic effects to those of
the atmosphere appears to bring the modeled variation

Figure 4. (top) Power spectra, (middle) squared magni-
tude of the coherence, and (bottom) phase of the observed
length-of-day variations during 1980–2000 and those due
to atmospheric winds below 10 hPa. The power spectral
density (psd) estimates in the top panel, given in decibels
(db), were computed by the multitaper method with the
spectrum of the observed variations shown in black and that
due to the winds shown in red. The horizontal dashed lines
in the middle panel indicate the 95% and 99% confidence
levels of the squared magnitude of the coherence between
the observed and wind-driven LOD variations, with the
bottom panel showing their phase spectrum.
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slightly closer to that observed although a discrepancy of
44.4 ms in amplitude and 	139.0 deg in phase still remains.
The results obtained here for the annual and semiannual
variations of the length-of-day during 1980–2000 are
consistent with those obtained by Gross [2003a] for the
shorter interval 1985–1995.
[27] As with the annual and semiannual variations,

changes in the length-of-day at the terannual frequency
are also predominantly caused by changes in the angular
momentum of the zonal winds. The effect of atmospheric
surface pressure changes is only about 9% of that observed
and exhibits little agreement in phase. There is little
indication of a terannual change in the angular momentum
of ocean-bottom pressure variations, and the amplitude
of the effect of oceanic currents is less than 3% of
that observed but with a similar phase. The total effect of

all atmospheric and oceanic processes at the terannual
frequency has an amplitude about 15% less than that
observed and a phase difference of 4.3 deg. The right panel
of Figure 5 shows the phasor diagram of the terannual
component of the observed and modeled LOD variations.
Adding oceanic effects to those of the atmosphere is seen to
bring the modeled variation slightly closer to that observed,
with a remaining discrepancy of 8.1 ms in amplitude and
14.2 deg in phase.
[28] The discrepancies that remain at the annual, semian-

nual, and terannual frequencies after atmospheric and oce-
anic effects are removed from that observed may reflect
errors in the observed and/or modeled LOD variations at
these frequencies, but may also indicate that other processes
are important in causing seasonal length-of-day changes.
Since the top of the atmospheric general circulation model

Figure 5. Phasor diagrams of the (left) annual, (middle) semiannual, and (right) terannual components
of observed length-of-day variations (obs) during 1980–2000 and of the effects on LOD during this time
period of atmospheric winds below 10 hPa (wind), surface pressure (press), and the oceans (ocn). The
atmospheric surface pressure term was computed by assuming that the oceans respond as an inverted
barometer to the imposed surface pressure variations. The oceanic results include the effects of both
currents and ocean-bottom pressure. The reference date for the phase is January 1, 1990 which in the
diagram is measured counterclockwise starting from a horizontal position. Note the change in scale of the
terannual phasor diagram.

Table 1. Seasonal LOD Variations During 1980–2000a

Excitation Process

Annual Semiannual Terannual

Amplitude, ms Phase, Degrees Amplitude, ms Phase, Degrees Amplitude, ms Phase, Degrees

Observed 373.4 ± 7.2 32.8 ± 1.1 276.7 ± 7.2 	116.8 ± 1.5 50.7 ± 7.2 37.7 ± 8.2

Atmospheric
Winds (ground to 10 hPa) 402.6 ± 3.4 33.9 ± 0.5 240.2 ± 3.3 	110.2 ± 0.8 46.1 ± 3.4 44.8 ± 4.2
Surface pressure (i.b.) 44.5 ± 0.5 	152.3 ± 0.7 6.3 ± 0.5 121.9 ± 4.9 4.7 ± 0.5 	108.3 ± 6.6
Winds and surface pressure 358.4 ± 3.4 34.7 ± 0.5 236.4 ± 3.4 	111.4 ± 0.8 42.0 ± 3.4 41.9 ± 4.7

Oceanic
Currents 7.6 ± 0.2 	156.4 ± 1.5 1.9 ± 0.2 124.2 ± 6.0 1.4 ± 0.2 57.5 ± 8.1
Bottom pressure 8.7 ± 0.2 	139.5 ± 1.2 3.9 ± 0.2 170.1 ± 2.7 0.3 ± 0.2 	42.8 ± 34.4
Currents and bottom pressure 16.1 ± 0.3 	147.4 ± 1.2 5.4 ± 0.3 155.6 ± 3.6 1.4 ± 0.3 44.7 ± 14.4

Atmospheric and Oceanic
Winds and currents 395.1 ± 3.4 34.1 ± 0.5 239.1 ± 3.4 	110.5 ± 0.8 47.4 ± 3.4 45.2 ± 4.1
Surface and bottom pressure 53.0 ± 0.6 	150.2 ± 0.7 9.4 ± 0.6 140.1 ± 3.7 4.8 ± 0.6 	104.9 ± 7.3

Total
Total of all atmos. and oceanic 342.4 ± 3.5 34.8 ± 0.6 236.2 ± 3.5 	112.7 ± 0.8 43.3 ± 3.5 42.0 ± 4.6

aDetails: i.b., inverted barometer; atmos., atmospheric; reference date for phase is January 1, 1990.
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used by the NCEP/NCAR reanalysis project is at 10 hPa, a
notable omission to the processes listed in Table 1 is the
effect of the atmospheric winds above 10 hPa. Although
only 1% of the atmospheric mass is located in that region of
the atmosphere, the strength of the zonal winds there is
great enough that they have a noticeable effect on seasonal
length-of-day variations [Rosen and Salstein, 1985, 1991;
Dickey et al., 1993; Rosen, 1993; Höpfner, 2001].

5. Upper Atmospheric Winds

[29] As their contribution to the Upper Atmosphere
Research Satellite (UARS), the United Kingdom Meteoro-
logical Office (UKMO) produced a set of global meteoro-
logical analyses, including the wind fields, from the ground
to 0.3 hPa. This wind data set, which spans October 1991 to
August 2001, is available from the British Atmospheric
Data Centre and the angular momentum of the winds from
10 hPa to 0.3 hPa has been computed using this data set.
Table 2 shows the effect of these upper atmosphere winds
on seasonal length-of-day variations during 1992–2000. As
can be seen, the angular momentum of the zonal winds
above 10 hPa at the annual, semiannual, and terannual
frequencies is much greater than the angular momentum
of either oceanic currents or bottom pressure.
[30] At the annual frequency, the angular momentum of

the zonal winds above 10 hPa is nearly out-of-phase with
that below 10 hPa but in-phase with the angular momentum
of surface pressure and oceanic current and bottom pressure
changes. Without the winds above 10 hPa, the total effect of
all atmospheric and oceanic processes at the annual
frequency has an amplitude differing from that observed
by less than 2% and a phase difference of 4.5 deg. But
when the effect of the winds above 10 hPa is included with
the other processes, the total amplitude is reduced so that it
is 7% less than that observed with a phase difference of
5.5 deg.

[31] The left panel of Figure 6 shows a phasor diagram
of the annual component of the observed (obs) length-of-
day variations during 1992–2000 and of the effects on
the length-of-day of atmospheric winds below 10 hPa
(wind), winds above 10 hPa (upper), surface pressure
(press), and the oceans (ocn; the sum of the effects of the
currents and bottom pressure). As during 1980–2000,
adding oceanic effects to those of the atmosphere is seen
to move the modeled variation farther away from that
observed. The discrepancy that remains between the
observed and modeled LOD variations is 45.2 ms in
amplitude and 2.7 deg in phase.
[32] At the semiannual frequency, the angular momentum

of the zonal winds above 10 hPa is nearly in-phase with that
below 10 hPa. In this case, adding the effect of the winds
above 10 hPa acts to bring the total effect of all atmospheric
and oceanic processes closer to that observed. Without the
winds above 10 hPa, the total effect of all atmospheric and
oceanic processes at the semiannual frequency has an
amplitude 19% less than that observed and a phase differ-
ence of 4.1 deg. But when the effect of the winds above
10 hPa is included with the other processes, their total
amplitude is increased so that it is 9% less than that
observed with a phase difference of 3.0 deg. The middle
panel of Figure 6 shows the phasor diagram of the semi-
annual component of the observed and modeled LOD
variations. Adding oceanic effects to those of the atmo-
sphere is seen to bring the modeled variation somewhat
closer to that observed although a discrepancy of 17.1 ms in
amplitude and 	179.2 deg in phase still remains.
[33] At the terannual frequency, the angular momentum

of the zonal winds above 10 hPa is, like at the annual
frequency, nearly out-of-phase with that below 10 hPa.
However, unlike the annual frequency, adding the effect
of the winds above 10 hPa acts to bring the total effect
of all atmospheric and oceanic processes closer to that
observed. Without the winds above 10 hPa, the total effect

Table 2. Seasonal LOD Variations During 1992–2000a

Excitation Process

Annual Semiannual Terannual

Amplitude, ms Phase, Degrees Amplitude, ms Phase, Degrees Amplitude, ms Phase, Degrees

Observed 369.0 ± 6.4 31.6 ± 1.0 294.3 ± 6.3 	116.5 ± 1.2 52.4 ± 6.4 20.9 ± 7.0

Atmospheric
Winds (ground to 10 hPa) 414.8 ± 5.0 34.7 ± 0.7 244.3 ± 5.0 	110.0 ± 1.2 54.1 ± 5.0 30.4 ± 5.3
Winds (10hPa to 0.3 hPa) 20.5 ± 0.3 	161.0 ± 0.9 29.4 ± 0.3 	122.7 ± 0.6 3.5 ± 0.3 	165.7 ± 5.1
All winds (ground to 0.3 hPa) 395.1 ± 5.0 35.5 ± 0.7 273.1 ± 5.0 	111.3 ± 1.0 50.7 ± 5.0 31.4 ± 5.6
Surface pressure (i.b.) 37.4 ± 0.8 	154.6 ± 1.3 9.2 ± 0.8 113.3 ± 5.1 2.6 ± 0.8 	48.8 ± 18.1
All winds and surface pressure 358.3 ± 5.1 36.5 ± 0.8 266.7 ± 5.1 	112.7 ± 1.1 51.2 ± 5.1 28.6 ± 5.7

Oceanic
Currents 7.6 ± 0.3 	165.5 ± 2.3 0.9 ± 0.3 115.5 ± 18.7 1.6 ± 0.3 35.9 ± 11.1
Bottom pressure 7.9 ± 0.3 	148.4 ± 2.2 3.1 ± 0.3 176.7 ± 5.5 1.0 ± 0.3 	67.3 ± 16.4
Currents and bottom pressure 15.3 ± 0.5 	156.8 ± 2.0 3.6 ± 0.5 163.4 ± 8.6 1.7 ± 0.5 	0.6 ± 18.4

Atmospheric and Oceanic
All winds and currents 388.0 ± 5.0 35.9 ± 0.7 272.5 ± 5.0 	111.5 ± 1.1 52.3 ± 5.0 31.6 ± 5.5
Surface and bottom pressure 45.2 ± 0.9 	153.5 ± 1.2 10.9 ± 0.9 127.9 ± 4.9 3.6 ± 0.9 	54.1 ± 15.1

Total of all Atmospheric and Oceanic
Without winds above 10 hPa 363.0 ± 5.2 36.1 ± 0.8 238.1 ± 5.2 	112.4 ± 1.3 56.1 ± 5.2 26.9 ± 5.3
With winds above 10 hPa 343.5 ± 5.2 37.1 ± 0.9 267.1 ± 5.2 	113.5 ± 1.1 52.7 ± 5.2 27.7 ± 5.7

aDetails: i.b., inverted barometer; reference date for phase is January 1, 1990.
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of all atmospheric and oceanic processes at the terannual
frequency has an amplitude 7% greater than that observed
and a phase difference of 6.0 deg. However, when the effect
of the winds above 10 hPa is included with the other
processes, their total amplitude is reduced so that it is nearly
the same as that observed with a phase difference of 6.8 deg.
The right panel of Figure 6 shows the phasor diagram of the
terannual component of the observed and modeled LOD
variations. Adding oceanic effects to those of the atmo-
sphere appears to bring the modeled variation slightly closer
to that observed, with a remaining discrepancy of 8.4 ms in
amplitude and 108.6 deg in phase.
[34] The angular momentum of the upper atmospheric

zonal winds between 10 hPa and 0.3 hPa clearly has
a noticeable effect on seasonal length-of-day variations.
In fact, their effect is much larger than that of either
oceanic currents or bottom pressure changes. At the annual
frequency, the amplitude of the angular momentum of the
upper atmospheric zonal winds is 2.5 times larger than the
effect of either oceanic currents or bottom pressure
changes; at the semiannual frequency it is nearly 10 times
larger than the effect of bottom pressure changes and more
than 30 times larger than the effect of oceanic currents;
and at the terannual frequency it is 3.5 times as large as
the effect of ocean bottom pressure changes and twice as
large as the effect of oceanic currents.
[35] There are still discrepancies between the observed

and modeled seasonal variations even after including the
effect of the zonal winds above 10 hPa. Effects associated
with hydrologic processes may be important at these
frequencies, but they are difficult to accurately estimate
given the state of the current generation global hydrologic
models [Chen et al., 2000b].

6. Intraseasonal Variations

[36] Estimates of the coherence at high frequencies (not
shown) between the observed LOD variations and those

caused by the sum of atmospheric wind and surface pressure
and oceanic current and bottom pressure variations indicate
a loss of coherence at periods shorter than about 4 days. A
4-day running mean was therefore applied to the observed
and modeled data sets used here in order to eliminate signals
having periods less than 4 days. Before this was done,
seasonal signals were first removed from the data sets by
least squares fitting and removing a mean, a trend, and
periodic terms at the annual, semiannual, and terannual
frequencies. A highpass filter with a cutoff frequency of
1 cpy was then applied to the data sets in order to isolate
the intraseasonal frequency band. Thus the intraseasonal
frequency band considered here consists of signals having
periods between 4 days and 1 year excluding signals at the
annual, semiannual, and terannual frequencies.
[37] Figure 7 shows the observed and modeled LOD

variations on intraseasonal timescales during 1997. As
can be seen, there is remarkable agreement between the
observed variations (black curve) and that due to atmo-
spheric winds (red curve). Adding the effects of surface
pressure and oceanic currents and bottom pressure to that of
the winds (blue curve) is seen to lead to even better
agreement with the observations. Results for other intervals
during 1980–2000 are similar to that shown in Figure 7 for
1997.
[38] Table 3 gives the percentage of the observed LOD

variance explained by the modeled processes along with the
correlation between the observed and modeled series in the
intraseasonal frequency band during 1980–2000. The sam-
ple autocorrelation functions (ACFs, not shown) of the
observed and modeled series indicate an effective decorre-
lation length (given by the e-folding time of the central peak
of the ACF) for these series of about 12 days. Since each
series spans 7650 days, an effective decorrelation length of
about 12 days implies that these series have about 7650/12,
or 637, effective degrees of freedom. Hence the 99%
significance level for the correlations in the intraseasonal
frequency band is estimated to be about 0.10 after account-

Figure 6. Phasor diagrams of the (left) annual, (middle) semiannual, and (right) terannual components
of the observed length-of-day variations (obs) during 1992–2000 and of the effects on the LOD during
this time period of atmospheric winds below 10 hPa (wind), winds above 10 hPa (upper), surface
pressure (press), and the oceans (ocn). The atmospheric surface pressure term was computed by assuming
that the oceans respond as an inverted barometer to the imposed surface pressure variations. The oceanic
results include the effects of both currents and ocean-bottom pressure. The reference date for the phase is
January 1, 1990 which in the diagram is measured counterclockwise starting from a horizontal position.
Note the change in scale of the terannual phasor diagram.
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ing for the reduction in the degrees of freedom in this
manner.
[39] As with the seasonal variations, atmospheric winds

are seen to be the dominant mechanism exciting intra-
seasonal length-of-day variations during 1980–2000. The
effects of atmospheric winds explain 83.6% of the observed
intraseasonal variance and have a correlation coefficient of
0.92 with the observations. Atmospheric surface pressure,
oceanic currents, and bottom pressure are seen to have only
a minor effect on intraseasonal length-of-day changes, each
explaining only about 2–4% of the observed variance.
However, including the effect of surface pressure changes
with that of the winds increases the variance explained from
83.6% to 87.5% and increases the correlation coefficient
with the observations from 0.92 to 0.94. Additionally
including the effects of changes in oceanic currents and
bottom pressure further increases the variance explained
from 87.5% to 89.1% and further increases the correlation
coefficient from 0.94 to 0.95. Thus, closer agreement with
the observations in the intraseasonal frequency band is
obtained when the effects of oceanic processes are added
to that of atmospheric.
[40] In the previous section, the upper atmospheric winds

from 10 hPa to 0.3 hPa were found to have a larger effect
than either oceanic currents or bottom pressure on seasonal
length-of-day variations. Table 4 shows the effect of these
upper atmospheric winds on length-of-day variations in the
intraseasonal frequency band during 1992–2000. As can be
seen, they account for only 1.1% of the observed intra-
seasonal LOD variance during this time period. Oceanic
currents and surface and bottom pressure variations are each

about 3 times more effective than are the upper atmospheric
winds in causing the length-of-day to change on intra-
seasonal timescales.
[41] Table 4 also shows that the total of all atmospheric

and oceanic processes, including the effect of the upper
atmospheric winds from 10 hPa to 0.3 hPa, explains 92.2%
of the observed intraseasonal length-of-day variance during
1992–2000, and has a correlation coefficient with the
observations of 0.96. Without the effect of the upper
atmospheric winds, the total of all atmospheric and oceanic
processes explains 91.9% of the observed variance during
1992–2000, whereas it explains 89.1% of the observed
variance during 1980–2000 (see Table 3). This increase by
2.8% in the amount of the observed variance explained may

Table 4. Intraseasonal LOD Variations During 1992–2000a

Excitation Process
Variance

Explained, % Correlation

Atmospheric
Winds (ground to 10 hPa) 85.8 0.93
Winds (10 hPa to 0.3 hPa) 1.1 0.12
All winds (ground to 0.3 hPa) 85.9 0.93
Surface pressure (i.b.) 3.3 0.18
All winds and surface pressure (i.b.) 90.2 0.95

Oceanic
Currents 4.1 0.36
Bottom pressure 3.3 0.30
Currents and bottom pressure 7.0 0.36

Atmospheric and Oceanic
All winds and currents 87.4 0.94
Surface (i.b.) and bottom pressure 5.9 0.25

Total of all Atmospheric and Oceanic
Without winds above 10 hPa 91.9 0.96
With winds above 10 hPa 92.2 0.96

aDetails: %, percentage; i.b., inverted barometer; 99% significance level
for correlations is 0.18; intraseasonal variations considered here have
periods ranging between 4 days and 1 year excluding signals at the annual,
semiannual, and terannual frequencies.

Figure 7. Observed length-of-day variations (black);
variations caused by the modeled atmospheric winds
(red); and variations caused by the sum of the modeled
atmospheric winds, surface pressure, oceanic currents, and
bottom pressure (blue) on intraseasonal timescales during
1997. Intraseasonal variations considered here have periods
ranging between 4 days and 1 year, excluding signals at the
annual, semiannual, and terannual frequencies. The atmo-
spheric surface pressure term is that computed assuming the
oceans respond as an inverted barometer to the imposed
surface pressure variations. The contribution to intraseaso-
nal LOD variations of the winds between 10 hPa and 0.3 hPa
is included in the red and blue curves. The mean has been
removed from all series.

Table 3. Intraseasonal LOD Variations During 1980	2000a

Excitation Process
Variance

Explained, % Correlation

Atmospheric
Winds (ground to 10 hPa) 83.6 0.95
Surface pressure (i.b.) 4.2 0.21
Winds and surface pressure (i.b.) 87.5 0.94

Oceanic
Currents 3.4 0.32
Bottom pressure 2.2 0.22
Currents and bottom pressure 5.2 0.30

Atmospheric and Oceanic
Winds and currents 85.0 0.92
Surface (i.b.) and bottom pressure 5.9 0.25

Total
Total of all atmospheric and oceanic 89.1 0.95

aDetails: %, percentage; i.b., inverted barometer; 99% significance level
for correlations is 0.10; intraseasonal variations considered here have
periods ranging between 4 days and 1 year excluding signals at the annual,
semiannual, and terannual frequencies.
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be a reflection of the improving accuracies of the observed
and/or modeled data sets during this time period.

7. Decadal Variations

[42] Length-of-day variations on decadal timescales are
thought to be caused primarily by interactions between the
mantle and core [e.g., Ponsar et al., 2003, and references
therein]. The ineffectiveness of atmospheric winds in excit-
ing LOD variations at low frequencies can be seen by
examining Figure 4. Remarkable agreement between the
observed LOD variations and that caused by atmospheric
winds is shown in Figure 4 at all but the very lowest
frequencies. At frequencies less than about 1/5 cpy the
observed power increases whereas that of the atmospheric
winds decreases and the squared magnitude of the coher-
ence between the observed variations and those caused by
the winds drops below the 99% significance level.
[43] Atmospheric surface pressure and oceanic currents

and bottom pressure are also ineffective in exciting length-
of-day variations at frequencies less than about 1/5 cpy. In
the top panel of Figure 8 the power spectrum of the
difference between the observed LOD variations and those
caused by atmospheric winds (black curve) is compared
with the power spectrum of the variations caused by surface
pressure changes (red curve) and with the power spectrum
of the sum of the variations caused by surface pressure,
oceanic currents, and ocean-bottom pressure (blue curve).
As can be seen, the power spectra of both the surface
pressure variations and of the sum of the surface pressure,
oceanic currents, and bottom pressure variations remain
relatively flat at frequencies lower than the annual harmonic.
Therefore these processes cannot explain the increased
power at frequencies less than about 1/5 cpy evident in the
spectrum of the difference between the observed LOD
variations and those caused by atmospheric winds.

8. Interannual Variations

[44] Figure 9 shows the observed and modeled length-of-
day variations on interannual timescales obtained by apply-
ing a bandpass filter with cutoff frequencies of 1/5 cpy and
1 cpy to the data sets. As above, seasonal signals were first
removed from the data sets by least squares fitting and
removing a mean, a trend, and periodic terms at the annual,
semiannual, and terannual frequencies. Except during 2000,
there is remarkable agreement between the observed length-
of-day variations (black curve) and that caused by the
atmospheric winds (red curve). Including the effects of
surface pressure, oceanic currents, and ocean-bottom pres-
sure with that of the winds (blue curve) changes this
agreement only marginally.
[45] Table 5 gives the percentage of the observed inter-

annual length-of-day variance explained by the modeled
processes along with the correlation between the observed
and modeled data sets. The 99% significance level for the
correlations is estimated to be 0.38 after accounting for the
reduction in the degrees of freedom that was determined
from the width of the central peak of the autocorrelation
functions.
[46] As can be seen from Table 5, atmospheric winds are

the dominant mechanism causing the length-of-day to

change on interannual timescales during 1980–2000,
explaining 85.8% of the observed variance, and having a
correlation coefficient of 0.93 with the observations. The
effect of atmospheric surface pressure changes explains
only 2.6% of the observed variance and is not significantly
correlated at the 99% significance level with the observa-
tions. However, including the effect of surface pressure
changes with that of the winds increases the observed
variance explained from 85.8% to 87.3%.
[47] Oceanic currents and bottom pressure changes are

seen to have only a marginal effect on interannual length-of-
day variations, each explaining less than 1% of the observed
variance, and neither being significantly correlated with the
observations. However, including their effects with those of
the atmospheric winds and surface pressure changes
increases the observed variance explained from 87.3% to
87.9%, and increases the correlation coefficient with the
observations from 0.93 to 0.94. Although this improvement
in the observed variance explained and correlation is mar-
ginal, it positively demonstrates that better agreement with
the observations in the interannual frequency band during
1980-2000 is obtained when the effect of oceanic processes
are included with those of the atmosphere.

9. Correlation With SOI

[48] The El Niño/Southern Oscillation (ENSO) phenom-
enon is a global-scale oscillation of the coupled atmo-
sphere-ocean system characterized by fluctuations in
ocean temperatures and atmospheric surface pressure in
the tropical Pacific [e.g., Philander, 1990]. During the warm
phase of ENSO the sea surface temperature in the eastern
tropical Pacific is warmer than usual, the surface pressure
over Indonesia and the western tropical Pacific is higher
than usual, and the surface pressure over the eastern tropical
Pacific is lower than usual. During the cool phase of ENSO
the conditions are reversed with the sea surface temperature
in the eastern tropical Pacific being cooler than usual, the
surface pressure over Indonesia and the western tropical
Pacific being lower than usual, and the surface pressure over
the eastern tropical Pacific being higher than usual.
[49] A number of indices have been developed to quan-

tify the strength of the ENSO phenomenon, including the
Southern Oscillation Index (SOI). The SOI is the normal-
ized difference between the Tahiti and Darwin, Australia,
standardized surface pressure values and as such is a
measure of the changes in surface pressure that occur
between the eastern and western tropical Pacific during
ENSO. However, the SOI is highly correlated with other
ENSO indices such as those based upon the sea surface
temperature in the tropical Pacific, especially within the
‘‘Niño 3’’ region of 5�N to 5�S latitude and 150�W to 90�W
longitude. In this study the SOI will be used as an index of
the strength of the ENSO phenomenon, encompassing both
its atmospheric and oceanic components.
[50] Many studies have shown that observed LOD varia-

tions on interannual timescales, as well as interannual
variations in the angular momentum of the zonal winds,
are negatively correlated with the SOI, reflecting the impact
on the length-of-day of changes in the zonal winds associ-
ated with ENSO events (for reviews see Eubanks [1993]
and Rosen [1993]). Here the possibility that interannual
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changes in the axial component of the oceanic angular
momentum are correlated with the SOI is explored.
[51] The particular SOI series used here was obtained

from NOAA’s Climate Prediction Center. In order to match

the spectral content of the observed and modeled interan-
nual LOD series, a bandpass filter with cutoff frequencies of
1/5 cpy and 1 cpy was applied to the SOI series. As can be
seen from Table 6, and in agreement with previous studies,

Figure 8. (top) Power spectral density (psd) estimates in decibels (db) of the observed LOD variations
during 1980–2000 from which the effects of winds have been removed (black curve), of the variations
due to atmospheric surface pressure ps changes (red curve), and of the variations due to the sum of
surface pressure, oceanic currents, and ocean-bottom pressure changes (blue curve). (middle) The
squared magnitude of the coherence and (bottom) the phase between the observed LOD variations from
which the effects of the winds have been removed and either the variations due to surface pressure
changes (red curves) or the variations due to the sum of surface pressure, oceanic currents, and ocean-
bottom pressure changes (blue curves). Variations at the annual, semiannual, and terannual frequencies
were not removed from the data sets prior to spectral and coherence estimation.
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with a correlation coefficient of 	0.645 the observed LOD
variations on interannual timescales are significantly nega-
tively correlated with the SOI during 1980–2000. In fact,
with a correlation coefficient of 	0.719, even greater
negative correlation is obtained between the SOI and
interannual changes in the angular momentum of the zonal
winds. Interannual variations in LOD due to changes in
either atmospheric surface pressure, oceanic currents, or
ocean-bottom pressure are not significantly correlated with
the SOI. In fact, successively adding these effects to that of
the winds decreases the correlation with the SOI, from
	0.719 when just the effect of the winds are considered,
to 	0.713 for the sum of the effects of the winds and
surface pressure, to 	0.707 for the sum of the effects of the
winds, currents, surface, and bottom pressure. Thus there is
no evidence that oceanic angular momentum, either that due
to currents or that due to changes in bottom pressure, is
significantly correlated with the SOI.

10. Discussion and Summary

[52] Atmospheric and oceanic excitation of length-of-day
variations during 1980–2000 has been studied here using
(1) the angular momentum of surface pressure changes and
zonal winds in the atmosphere below 10 hPa estimated by
the NCEP/NCAR reanalysis project, (2) the angular
momentum of zonal winds in the atmosphere above 10 hPa
estimated by the UKMO, and (3) the angular momentum of
oceanic current and bottom pressure changes estimated
from the ECCO consortium’s simulation of the general
circulation of the oceans. As expected, the angular momen-
tum of the zonal winds below 10 hPa was found to be the
dominant mechanism causing the length-of-day to change on
intraseasonal, seasonal, and interannual timescales during
1980–2000. The winds above 10 hPa were found to be

more effective than the sum of oceanic current and bottom
pressure changes in causing the length-of-day to change on
seasonal timescales, and, except at the annual frequency,
were found to be even more effective than surface pressure
changes. On intraseasonal timescales, atmospheric surface
pressure, oceanic currents, and ocean-bottom pressure were
found to be about equally effective in causing the length-of-
day to change, while the winds above 10 hPa were found to
be less effective than these mechanisms. On interannual
timescales, oceanic currents and ocean-bottom pressure
changes were found to be only marginally effective in
causing the length-of-day to change, while the available
upper atmospheric wind data set, which spans October 1991
to August 2001, is too short to study its effect on interannual
length-of-day variations.
[53] On intraseasonal to interannual timescales, and ex-

cept at the annual frequency, closer agreement with the

Table 5. Interannual LOD Variations During 1980–2000a

Excitation Process
Variance

Explained, % Correlation

Atmospheric
Winds (ground to 10 hPa) 85.8 0.93
Surface pressure (i.b.) 2.6 0.24
Winds and surface pressure (i.b.) 87.3 0.93

Oceanic
Currents 0.6 0.14
Bottom pressure 0.4 0.09
Currents and bottom pressure 0.8 0.12

Atmospheric and Oceanic
Winds and currents 86.2 0.93
Surface (i.b.) and bottom pressure 2.9 0.23

Total
Total of all atmospheric and oceanic 87.9 0.94

aDetails: %, percentage; i.b., inverted barometer; 99% significance level
for correlations is 0.38; interannual frequency band ranges from 1/5 cpy to
1 cpy.

Figure 9. Observed length-of-day variations (black);
variations caused by the modeled atmospheric winds
(red); and variations caused by the sum of the modeled
atmospheric winds, surface pressure, oceanic currents, and
ocean-bottom pressure (blue) on interannual timescales
during 1980–2000. The interannual frequency band ranges
from 1/5 cpy to 1 cpy. The atmospheric surface pressure
term is that computed assuming the oceans respond as an
inverted barometer to the imposed surface pressure varia-
tions. The mean has been removed from all series.

Table 6. Correlation of Interannual LOD Variations With SOIa

Excitation Process Correlation Coefficient

Observed 	0.645

Atmospheric
Winds (ground to 10 hPa) 	0.719
Surface pressure (i.b.) 	0.007
Winds and surface pressure (i.b.) 	0.713

Oceanic
Currents 0.040
Bottom pressure 0.137
Currents and bottom pressure 0.093

Atmospheric and Oceanic
Winds and currents 	0.717
Surface (i.b.) and bottom pressure 0.039

Total
Total of all atmospheric and oceanic 	0.707

aDetails: SOI, Southern Oscillation Index; i.b., inverted barometer; 99%
significance level for correlations is 0.38; interannual frequency band
ranges from 1/5 cpy to 1 cpy.
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observations was obtained by adding the effects of oceanic
currents and bottom pressure changes to those of atmospheric
winds and surface pressure changes (see Tables 1–5). This is
also illustrated in the top panel of Figure 8 where at nearly all
but the annual frequency, it is seen that adding the effects of
currents and bottom pressure changes to that of surface
pressure changes brings the modeled power closer to the
power of the difference between the observed LOD variations
and that caused by winds during 1980–2000. This closer
agreement across a broad range of frequencies when the
effect of the oceans is added to that of the atmosphere was
also found by Marcus et al. [1998] during the much shorter
time interval of 1992–1994, and by Ponte and Stammer
[2000] during 1985–1996.
[54] The discrepancies that remain between the observed

and modeled length-of-day data sets could be due to either
errors in the data sets and models used here, or to the action of
other processes that have not been considered here such as
hydrologic effects. Errors in the data sets are one possible
limiting factor in closing the LODbudget during 1980–2000.
This is suggested from the improved agreement between the
observed and modeled LOD series in the intraseasonal
frequency band that is obtained when just the results during
the more recent time interval of 1992–2000 is considered.
Also, Ponte et al. [2001] have shown that better agreement
with the observations is obtained when using oceanic angular
momentum series that have been estimated from an ocean
model that has assimilated oceanographic data.
[55] Redistribution of mass within the atmosphere,

oceans, hydrosphere, and cryosphere not only cause the
Earth’s rotation to change but also cause the Earth’s
gravitational field to change. One of the goals of the
CHAMP and GRACE satellite missions is to measure
temporal changes in the Earth’s gravitational field. Since
changes in the second-degree zonal gravitational field
coefficient are related to changes in the length-of-day
[e.g., Lambeck, 1980; Chao and O’Connor, 1988; Chen et
al., 2000a; Gross, 2001b, 2003b], CHAMP and GRACE
will, in effect, be directly measuring variations in the length-
of-day caused by mass redistribution. The availability of
direct measurements of length-of-day variations caused by
mass redistribution over land and, separately, within the
oceans can be expected to lead to greater understanding of
the mechanisms causing the length-of-day to change.
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